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C urrent technological advances mean that we are on the verge of a fusion of ecological modeling and remote sensing that should improve our prediction of ecological responses to global change for forests over continental scales. The need for such a capability could not be greater: the planet is warming (IPCC 2014) and past changes in climate have resulted in extinctions, major shifts in species distributions, and ecosystems with novel species combinations (Shugart and Woodward 2011) . Predicting the consequences of warming involves extrapolation, which is always a tricky scientific proposition. The changes that human actions are causing thus high-light the need for better model prediction capabilities.
Two technological innovations have the potential to bring about improved prediction of forest-ecosystem dynamics at large scales: first, innovations in airborne and satellite remote-sensing instruments are providing increased potential for large-scale measurement of forest structure, notably forest height and biomass; second, increased computing power is permitting continentalscale implementation of forest individual-based models (IBMs), which simulate the dynamic changes originating from interactions between individual trees (Figure 1) over very large areas. Shugart and Woodward (2011) provided several examples of individual tests of model predictions against independent data for different forest IBMs. At the continental scale, however, independent data are still needed that can test IBM predictions; these data could be produced by new remote-sensing technology. If successful at these large scales, such tests will assess the accuracy of large-area predictions; if not, they can be used to improve the models. This predict-and-test cycle is the hypothetico-deductive paradigm -the scientific method often used by high-school physics teachers -applied to forest dynamics over large regions and under novel conditions. Critical to this evaluation is the statistical independence of the test data from the calibration data. Successful tests against spatially extensive data would provide confidence in direct scaling up of forest IBMs. used to predict climate change (IPCC 2014) , and dynamic global vegetation models (DGVMs) -extrapolate processes, such as photosynthesis, respiration, and decomposition, from the fine scales at which they are measured (~1 m 2 or less) up to planetary scales (~10 11 m 2 ; Figure 1 ). LSMs and DGVMs are fusions of three model types: canopy process models, which simulate heat and moisture transfers to and from vegetation canopies; biogeochemical models, which emphasize the transfer of materials within ecosystems; and biogeographical models, which simulate the distribution of vegetation types (Shugart and Woodward 2011) . Generally, data are incorporated into these models for implementation, rather than set aside to test the models. LSMs are often initialized or driven by optical satellite data with daily global coverage at kilometer resolutions (eg weather satellites) over areas of 10-50 km 2 . In comparisons between different LSMs, when driven by the same future scenarios of carbon dioxide (CO 2 ), temperature, and moisture conditions, the models' predictions differ substantially from one another (Friedlingstein et al. 2006; Sitch et al. 2008) .
Environmental changes alter species composition and structure in forest ecosystems, which produces a vexing "allocation problem" in LSMs and DGVMs. Models that simulate the uptake of CO 2 allocate the products of their photosynthesis using "rules" to grow different plant parts, such as leaves, stems, and branches. This allocation influences future net productivity of a forest. However, a forest canopy of a given leaf area and equivalent gross productivity could be supported by a wide range of structures -a large number of small trees, a smaller number of large trees, or a mixture of trees of different sizes (Shugart et al. 2010) . Proportional allocation to growth, respiration, and mortality differs considerably across these structures. Thus, as a forest grows or is modified by environmental change (eg by an altered climate), the structure and the pattern of allocation changes as well. The allocation problem produces inaccuracies in "bookkeeping" of where the carbon (C) goes within an ecosystem. These inaccuracies are a result of the underlying assumptions in these models and indicate the necessity of additional insights from other models run at different scales. Purves and Pacala (2008) highlighted the need for improvement in this realm and suggested the use of models based on the dynamics of individual trees (ie IBMs).
These IBMs -or more general agent-based modelssimulate change through the interacting individual trees that compose the system in question (Figure 1 ). This type of model has been developed independently in multiple disciplines (Huston et al. 1988 ), but about half of the thousands of such models were developed by ecologists (Grimm et al. 2005) , and such models have been characterized as an innovation that unites ecological theory (Huston et al. 1988) . With the advent of increasingly powerful computers, most recent work with IBMs has focused on the problem of finding the "sweet spot" (the "Medawar zone") between the usefulness of a model in resolving the issue in question and the degree of realism in the model (Grimm et al. 2005) .
Forest IBMs have much to offer in terms of assessing the potential effects of climate change over large regions. They can be used to predict the dynamics of leaf area, biomass, and productivity; simulate changes in the vertical, horizontal, and three-dimensional (3D) structure of forests; and provide species composition patterns over time and space. Forest IBMs are used to predict attributes that arise from interactions between individual trees, such as the mass, height, and species composition (among other factors) of forest landscapes. Friend et al. (1993) demonstrated that IBMs can be linked with LSMs in a way that interconnects the two modeling approaches (Figure 1) ; such a combination could also be created by forming plant types based on similarity in functional traits of species or other groups used in IBMs (eg Huth et al. [1998] for tropical forests).
IBMs are capable of simulating past vegetation growing in different climates at a given location without the need for re-parameterization (Solomon and Webb 1985) . This has led to explorations of the predictions of models under future climate scenarios. IBMs have been important enough to climate-change research to merit two dedicated issues in the journal Climatic Change (Climatic Change 34 [2] in 1996, which focused on climate-change applications; and Climatic Change 51 [joint issues 3 and 4] in 2001, which focused on the appropriate level of realism needed in the models). Advances in computer infrastructure now provide the opportunity for continental-scale applications of IBMs (Shuman et al. 2011 (Shuman et al. , 2014 .
The new generation of IBMs can simulate regional change in forest structure under different management and disturbance regimes (eg Shugart et al. 2010) , an ongoing challenge for LSMs and DGVMs. An example ( Figure 2 ) involves the simulation of future dynamics of Russian forests. If Russia were a continent, it would be the fifth largest in the world, equivalent to 96% of the area of South America, and it contains the largest continuous forest in the world. Figure 2a shows the simulated tree biomass (megagrams of C per hectare [Mg C ha -1 ]) if all of the Russian forest zone were covered with mature forest. These results are derived from the University of Virginia's Forest Model Enhanced (UVAFME), a species-level IBM of forest gap dynamics that tracks individual-plant life cycles as trees compete for light, water, and nutrients within a mixedspecies plot. Forest biomass and species composition at each of ~31 000 grid points are determined using Monte-Carlo simulations of 200 plots responding to the same soil and climate conditions, based on climate data obtained from Russian historical records (Shuman et al. 2015) . Each simulated year requires the computation of growth, death, and birth of ~10 9 individual trees. The simulated mature forest (Figure 2a ) features high biomass in European Russia and the Amur region of the Russian Far East, as seen in Russian forest maps that are based on remote-sensing and inventory data (Houghton et al. 2007; Shuman et al. 2015) .
Equivalent simulations have projected expected patterns of succession, changes in disturbance regimes, and responses to climate-change scenarios associated with a "greenhouse gas" warming over Russia, including predictions of C lost or gained when there is a shift in Russia's dominant tree species (Shuman et al. 2015) . In response to increasing temperatures, IBMs predict that forest composition is transformed, rates of aboveground C storage are altered, and a positive feedback of continued warming may be generated due to changes in albedo associated with conversion of the vast larch (Larix spp) forests of the eastern half of Russia (Shuman et al. 2011) . UVAFME also predicts large-scale patterns in regional forest structure. Figure 2b shows the highly significant, continentalscale relationship between biomass on 0.1-ha plots and forest height. This same relationship varies at more local Testing such patterns of biomass to height on the ground would require an enormous collection of field data from tens of thousands of small forest survey plots across Russia. Alternatively, in the near future, a suite of remote-sensing instruments could generate these sorts of data promptly and at low cost.
n Extensive and intensive data for forest ecology
The US National Aeronautics and Space Administration (NASA), the European Space Agency (ESA), and other national space agencies have developed and are planning to launch a diverse array of laser-, LiDAR-, microwave-, and radar-based remote-sensing instruments that are capable of detecting the vertical, horizontal, and 3D structure of forests (Lefsky et al. 2002; Hall et al. 2011; Le Toan et al. 2011) . Hyperspectral instruments, which measure the intensity of different frequencies of light, can quantify different chemicals and plant species (Asner et al. 2012a) . Critically, the capabilities and resolutions of these instruments match the outputs and scales of forest IBMs. In many cases, these instruments produce measurements that would be difficult or impossible to obtain through intensive ground-based studies using conventional sampling methods. Several examples of these capabilities are provided below, along with a short discussion of how the instruments work. The aforementioned space agencies are currently in a major research phase of calibrating and validating the new instruments, which should provide a continuing series of independent tests for theoretically based forest-IBM predictions, often made over large areas.
LiDAR detection of forest properties
Thirty years of development in remote-sensing technology has resulted in the current ability to measure the 3D structure of the Earth's forests. These measurements can be used to map forest biomass and its change over time, as well as to quantify the physical structure of forests. These functions have been demonstrated for multiple ecosystems using both air-and space-borne LiDAR and radar systems. Forest biomass can be inferred using either radar or LiDAR instruments when calibrated with in situ measurements of forest structure and biomass. The lasers in an overhead LiDAR instrument emit nanosecond pulses of coherent light as beams of photons at the laser's characteristic wavelength. The photons are scattered by the land surface below, and this scatter is recorded by the LiDAR's on-board telescope and photon detectors; the area sampled (the pixel size) is determined by the instrument's optical equipment. The round-trip time for the light to return multiplied by the speed of light gives the distance traveled to and from whatever objects scattered the photons back to the instrument. Ideally, a laser's pulse penetrates the forest canopy to reach the ground surface. The difference in distance between the first scattering event (from photons hitting the canopy tops) and the last scattering event (from photons hitting the ground) produces the height of the canopy within the pixel. The vertical distribution of scattering surfaces in the canopy between the top and the ground provides a profile of the leaves and other components in the forest pixel. Successful forest LiDAR measurements require clear atmospheric conditions for the laser pulse to penetrate the atmosphere and the canopy, and then return to the instrument.
Radar detection of forest properties
Radar instruments emit coherent pulses of polarized electromagnetic radiation (microwaves) and measure the fraction of energy returned in particular polarization orientations when the pulse backscatters from limbs, trunks, and the ground beneath a forest canopy. Even under cloudy conditions, the atmosphere is transparent at the wavelengths used for radar-based remote-sensing applications, so radar can penetrate clouds. Synthetic aperture radar (SAR) involves complex data-processing techniques that require the landscape to be imaged from the instrument's side.
Different SAR systems emit microwaves at several different wavelengths. The wavelength of a system determines both how deeply the microwave emission penetrates into a forest, and the size of the forest components that interact with the emitted microwaves; X-band SAR, for example, uses a wavelength of 3 cm, which interacts with objects the size of leaves but does not penetrate very far into a forest canopy. In contrast, leaves and small branches are transparent to P-band radar, which uses 65cm wavelengths; P-band SAR penetrates deep into the forest canopy, reaching to the ground and interacting with tree trunks and large branches.
Along with wavelength considerations, SAR operates in three modes:
(1) Polarimetric SAR (PolSAR). PolSAR results are derived from analyses of the polarization of the microwaves that scatter back to the instrument from the different structural elements of the forest and can be calibrated with measured forest biomass. Using Pband microwave PolSAR from airplanes, researchers have mapped aboveground biomass in temperate (Le Toan et al. 2011), boreal (Sandberg et al. 2011) , and tropical (Villard and Le Toan 2015) forests. Airborne SAR images can generate a biomass map at resolution of 5-10 m. The proposed ESA BIOMASS satellite, which would rely on a P-band SAR to conduct regional and global assessments of forest biomass, is scheduled to launch in 2020. It will have an actual resolution of 50 m and will provide data on global forest biomass at 200-m resolution for forest growth and C stock measurements (Le Toan et al. 2011).
(2) Polarimetric-Interferometric SAR (Pol-InSAR). By com-bining two PolSAR measurements from slightly different orbits or airplane tracks, it is possible to obtain estimates of both biomass and forest canopy height (Papathanassiou and Cloude 2001). This is done by estimating the vertical distribution of the backscatter using interferometry, which measures distances by analyzing the interference pattern in the two reflected laser beams. Numerous airborne experiments, carried out over temperate, boreal, and tropical test sites, indicate that SAR-derived forest-height maps have an uncertainty comparable to that of airborne LiDAR (Le Toan et al. 2011).
(3) Tomographic SAR (TomoSAR). If the microwave length is long enough to ensure penetration through the entire canopy, multiple measurements from slightly different sampling tracts over a forest can provide more detailed vertical structure of forest biomass. TomoSAR resolves the distribution of biomass in both the horizontal and vertical, producing a 3D structure. If given the go-ahead, the ESA BIOMASS mission will apply a TomoSAR analysis of 3D forest structure from space for the first time. Medical CT (computed tomographic) scanning -which uses Xrays to image bones and soft tissues as computer-calculated "slices" through the body -provides an effective analogy for SAR tomography, which produces similar images for forests. SAR tomography has already been incorporated into airborne systems: Figure 3a , for instance, compares a "slice" of the biomass distribution of a tropical forest in French Guiana with the LiDAR-determined canopy height from the same forest. Such slices, obtained through the application of tomographic SAR, can be assembled into a biomass map (Figure 3b ) that contains details not visible from optical data or standard SAR images (eg canopy gaps and subcanopy footpaths).
Mapping plant functional traits at the scale of individuals
Remote-sensing efforts have recently begun to focus on the detection, quantification, and mapping of plant functional traits from aircraft and satellites as a complement to field studies and laboratory research. Imaging spectroscopy (also known as hyperspectral remote sensing) can detect the functional traits of the individual trees that make up plant canopies (Figure 4) . Studies in temperate and tropical forests are converging on the most useful spectral wavelengths of imaging spectrometers, on their ability to detect weaker signals, and on the most effective methodology for generating quantitative estimates of chemical traits (eg Asner et al. 2011a ). The goal is to detect functional traits at the individual tree or stand levels. These results can be directly compared to IBM www.frontiersinecology.org © The Ecological Society of America output. Schimel et al. (2013) noted their potential application to represent heterogeneity in LSMs and DGVMs (Figure 1) . Remote-sensing studies have primarily focused on three types of plant functional traits: (1) remote estimation of foliar chemical traits, particularly plant pigments involved in capturing light energy for photosynthesis, along with nitrogen, water, lignin, cellulose, and phosphorus contents (Ustin et al. 2004) ; leaf mass per unit area scales with several other leaf chemical properties (Wright et al. 2004) and has emerged as a key trait and a target of remote-sensing studies (Asner et al. 2011b ); (2) detection of spatial variation in leaf area index, which is indicative of life-history strategy (eg highly versus sparsely foliated canopies) among functionally diverse plant groups (Ollinger 2011) ; and (3) quantification of canopy architecture and maximum plant height, which are now viewed as plant functional traits and are the target of both radar and LiDAR approaches, discussed above, and reviewed by Lefsky et al. (2002) among others.
Only high-fidelity spectrometers appear suitable for mapping canopy functional traits ( Figure  4 ; eg Asner et al. 2011b ) and very few instruments currently fall into this category. The first high-fidelity imaging spectrometer was NASA's Airborne Visible/ Infrared Imaging Spectrometer (AVIRIS; Green et al. 1998) , initially flown in 1987. In 2011, the higher resolution Carnegie Airborne Observatory (CAO) Visible-to-Shortwave Infrared (VSWIR) imaging spectrometer was launched (Asner et al. 2012a) . NASA, and subsequently the US National Ecological Observatory Network, have since added four instruments to the CAO-VSWIR engineering specifications. Data on detectable functional traits of individual organisms (eg Figure 4 ) will therefore soon be readily available. However, the development of the satellite systems that are required for global studies is advancing much more slowly than the development of airborne instruments.
n Testing IBMs with remotely sensed forest-structure data
Recent studies have used forest-inventory data to evaluate estimations of forest biomass derived from LiDAR canopy-height profiles (Asner et al. 2012b, c; Jubanski et al. 2013) in forest plots. Forest IBMs coupled with advanced remote-sensing output provide a priori expectations for data patterns in typical forest stands (Figures 2, 5, and 6). The output from IBMs resembles field data (eg tallies of tree species and diameters from survey plots), enabling efficient experimental design of forest sampling techniques using remote sensing.
Forest IBM output can exceed most available field data in terms of detail (eg vertical, two-dimensional, and 3D structure of forests; vertical profiles of leaf area). The resulting "model hypotheses" of forest patterns can be tested against direct observations obtained using new remote-sensing technology. Most forest IBMs also include ecological parameters for the included tree species (eg maximum growth rates of each species, conditions needed for regeneration, effects of shading on tree performance). There are limits to the feasible ranges of these measurements, however, so IBMs cannot be "tuned" to match observations -the maximum height of a tree species cannot be arbitrarily doubled to ensure that a particular IBM is better correlated with observations, for instance (see Shugart and Woodward 2011) . The success of UVAFME in analyzing Russian forests shows that these models can be applied across continental scales and can find strong correlations with inventory and ground data (Asner et al. 2012a) . The grain or texture in the image is a result of the ability to resolve individual tree canopies in colors that represent high (hot red), medium (dull red), and low (green) photosynthetic activity. (b) A chemical composite retrieval of leaf mass per unit area (LMA) derived from the CAO-VSWIR imagery using a chemometric technique detailed by Feilhauer et al. (2010) . Blue is low LMA, green is medium LMA, and red is high LMA. LMA provides insight into the internal allocation of a leaf's biochemical resources (sensu Wright et al. 2004) . (c) Image of forest canopy height modeled from CAO's LiDAR; this image provides a means for assessing other canopy traits, including maximum tree height, and is embedded in the VSWIR spectrometer.
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without the need for tuning (Shuman et al. 2014) . Figure 5 details the capability of FORMIND, a forest IBM that has been widely applied in the tropics (Kazmierczak et al. 2014) , to predict tropical forest structure compared to measured LiDAR returns (Figure 5a (Figure 5c ). Such tests herald "IBM-based virtual LiDAR campaigns" over simulated forest stands to predict the expected patterns of LiDAR observations under different conditions. This could have great value in perfecting sampling campaigns designed to understand how a forest composed of trees of different shapes can produce different LiDAR results. Figure 6 shows the influence of disturbance regimes on different LiDAR metrics for estimating forest biomass. Relatively simple regression models using LiDAR metrics can provide predictions of aboveground biomass of tropical forests at hectare scales over a wide range of conditions. One promising metric, the mean canopy profile height (Lefsky et al. 2002) , shows a strong correlation with modeled forest biomass over a broad range of successional stages and disturbance intensities, as does Lorey's Height (Figure 2 ). Many of these metrics vary in their predictive power at different scales. Perhaps the most important potential application, however, would be to use forest IBMs as tools to identify new indicators for primary forest attributes (eg productivity, disturbance state). Similar applications using spatial IBMs have also been developed for radar applications (Figure 1 ; Weishampel et al. 1994) . Applying forest IBMs with virtual LiDAR or radar simulations provides predictions that can improve inventory-based calibrations. Large simulated forest datasets can be generated and analyzed, making on-the- ground projects more cost-, work-, and time-efficient. Forest models can also be used to test how derived relationships (eg between aboveground biomass and forest height) should vary with the area of sample plots (Köhler and Huth 2010) .
n Conclusions
Advances in remote-sensing technology, combined with the power of modern computers, have allowed for the collection of unique global-to regional-scale measurements. Data fusion, such as the conjoining of products from instruments that reveal plant biochemistry with LiDAR and radar products, which predict the physical structure of ecosystems, greatly increases our understanding of ecosystem patterns and processes. Forest IBMs have the capacity to generate modeled responses that can be matched with the data collected from new airborne and satellite instruments; future models will benefit greatly from the everexpanding power of modern computers. These models fuse the classical ecological subdivisions of autecology (the ecological attributes of species and individuals) and of synecology (the collective attributes of ecosystems in their environmental setting). Comparisons between models and remote-sensing products allow detailed models to be tested, fueling a hypothetico-deductive approach to ecological research. Comparisons between ecosystem properties derived from forest IBMs and analogous properties derived from remotely sensed forests (eg Figures 2 
